The failure of slope and levee triggered by heavy rainfall is a great threat to people's lives and properties, thus this research aimed at proposing a new numerical simulation tool and investigating the failure mechanism of slope and levee under heavy rainfall. The new Smoothed Particle Hydrodynamics (SPH) model with the coupling of three phases, water, soil and air, has been proposed based on the basic principles. Using the proposed SPH program, the rising and burst of air bubble in water was simulated to validate the application in fluid phase (water and air). After that, a conceptual slope model with different coefficients of permeability has been built and analyzed by the SPH model. The simulated infiltration showed that the proposed SPH model can simulate the interaction force between soil and water well. The model test of slope failure conducted before was simulated by the proposed SPH model with two cases, one without the effect of air phase and another one with the effect of air phase. The infiltration process, slope deformation and air behavior were revealed from the three-phase SPH simulations and the results proved that the proposed SPH model could be a useful tool to evaluate the stability of slope and levee under heavy rainfall.
INTRODUCTION
Many slope and levee failures are induced by heavy rainfall worldwide and posed great threats to people's lives and properties. The strong storm attacked the Zhouqu County in Gansu Province, China, and the slope around the urban area failed on August 7 th 2010 causing 1, 287 people dead and 457 people lost till August 18 th 1) . In July of 2012, the rapid downpour, which reached a maximum intensity of 108 mm/hr., caused the rising of water level in the Yabe river of Fukuoka Prefecture, Japan, triggering the seepage in sandy base layer under the levee. Due to the piping, the levee failed with 5-meter long burst on July 14 th and caused 30 people dead. More attentions should be focused on this topic to investigate the behaviors of slope and levee under heavy rainfall and to propose related countermeasures.
The failure of slope and levee under heavy rainfall is related to many factors, such as, the antecedent rainfall and maximum amount of 24-hour rainfall 2) , the formation of perched water table and erosion by overland flow, the seepage 3) , and the phases transition from solid to liquid at the triggering stage and from liquid to solid at the ceasing stage 4) . Among these factors, the effect of air phase is important but not revealed very clearly, thus the study of air effect in the fail process of slope and levee is needed to get more precise mechanism.
For the stability analysis of slopes and levees, continuum mechanics-based numerical methods are often used with limit equilibrium method of slices to get the factor of safety for assessment 5) . These methods can obtain precise results in certain situations, but there are still some difficulties that these methods cannot deal with, such as the grid distortion induced by large deformation. The analysis of the entire process from rainfall impact to final accumulation, the coupling between skeleton and pore fluids, and large deformation are very important to get more precise mechanism of slope and levee failure 6) . For traditional Computational Fluid Dynamics (CFD) methods, it is difficult to deal with deformation boundary and the interface of different phases, especially in an irregularly shaped model, because these methods are based on an Euler method where grids are fixed on the model space.
The recently developed numerical method, Smoothed Particle Hydrodynamics (SPH), has a unique advantage in the simulation of free surfaces, deformation boundaries and large deformations 7) . Pastor et al. adopted the Zienkiewicz-Biot model to simulate the interaction between water and soil for the flow-like landslide 6) . Maeda et al. 8) used SPH method to simulate the seepage failure of dike. For the coupled SPH method, Maeda and Sakai 9) introduced the air dynamics into the framework of SPH to investigate the air effects in the seepage failure. Huang et al. 10) conducted the analysis of large-deformation flows of liquefied soil using the water-soil-coupled SPH method. Nonoyama et al. 11) and Bui & Fukagawa 12) adopted the single-phase and two-phase SPH method respectively to analyze the stability of slope. Zhang and Maeda 13) have showed the preliminary results of the slope failure test considering the effect of air and SPH simulations without air effect using the two-phase SPH model. So far, the research was rarely found in literature on simulations of slope and levee failure under heavy rainfall considering the effect of air phase and it is needed to develop a new three-phase SPH model to evaluate the stability of slope and levee under heavy rainfall.
This research aimed at proposing a new numerical tool and investigating the failure mechanism of slope and levee under heavy rainfall. The new three-phase SPH model considering the coupling of water, air and soil has been proposed based on the basic principles of SPH method. Using the proposed SPH program, the rising and burst of air bubble in water and a conceptual slope model were simulated to validate the application of the proposed SPH model. The model test of slope failure conducted before was simulated by the proposed SPH model with two cases, one without the effect of air phase and another one with the effect of air phase. The infiltration process, slope deformation and air behavior were revealed from the SPH simulations.
THE PROPOSED THREE-PHASE SPH MODEL (1) Basic concepts of SPH method
SPH is a numerical method based on a Lagrangian description. The problem domain in SPH is discretized by a set of arbitrarily distributed particles with no connectivity between them 14) . The particle in the SPH method is a set of real material elements (water, soil and air) with meaning of mathematic. From this point of view, the particle in one layer can overlap on another particle of other layers in the SPH method. An integral representation method, called the kernel approximation or particle approximation, is used for the field function approximation (Fig. 1) . The physical quantities of particle i are calculated by the summation of the physical quantities of particles (e.g., particle j) in a supporting domain using the weight Wij related to the distance r between particles i and j. During the analysis, approximations or summations of SPH are performed at each time step 7) . The particle approximation is expressed by:
where, W is the kernel function (the weight), h is the smooth length, m is the mass, ρ is the density, and x is the location of the particle. The approximation of differential equation can be expressed as:
Superposition of smoothed physical values
Smoothed physical values by using smoothed function for each particle x Limited zone of influence Fig. 1 The particle approximation in SPH method.
(2) Proposed three-phase SPH model
In the proposed SPH model, water, air and soil were calculated on different layers, which could be combined to form the mixture with the interaction force between different layers as shown in Fig. 2 .
The dynamics of particles is governed by Navier-Stokes equations including the continuity equation, the momentum equation, the energy equation, and the equation of state (EOS). Because the simulation cases in this paper were assumed to be isothermal, the energy equation was not considered in I_484 the proposed SPH model. Using the particle approximation, the SPH formulations of Navier-Stokes equations can be obtained 7) . The continuity equation for water, air and soil is derived from the conservation of mass:
The momentum equation is derived from Newton's second law.
For fluid phase (water and air), it is:
For solid phase (soil), it is:
where, Wij is the smoothing function of supporting particle j evaluated at particle i, N is the total number of supporting particles, v is the velocity, σ is the total stress tensor, σ f is the stress of fluid phase, and Fi is the external force. α and β indicate the direction of coordination. The acceleration of fluid phase is determined by the pressure and the interaction force while the acceleration of solid phase is determined by the stress and the interaction force. α indicate the direction of coordination, c is the velocity of sound, ρ is the density, h is the smoothing length, parameter a is set to 0.001 and parameter b is set to 0.0). Tensile instability will appear when the SPH method simulates the material with strength, and the artificial stress term n ij fr  can be introduced to deal with this problem 15) . The artificial stress can be obtained from equation (8) (9) (10) (11) (12) , where α and β indicate the direction of coordination, Rij is the distance between particle i and particles j, ε is controlling parameter (about 0. 3 15) ), △p is the initial spacing of particles. 
Water was regarded as quasi compressible liquid and the dynamic pressure was calculated from the equation of state for water 16) .
where, pd is the dynamic pressure, p0 is the initial I_485 pressure and ρ0 is the initial density. And the lower γ is, the higher compressibility is. γ is set equal to 7.0 for a good simulation of incompressibility 17) . Air was regarded as compressible phase and the dynamic pressure was described by the equation of state for air 16) .
The stress of fluid phase (water and air) for the momentum equation can be obtained from the following equation, which was derived from the momentum equation by Liu and Liu
here, α and β are indices of tensor, δ αβ is the Kronecker delta, D αβ is the strain rate tensor and μ is the viscosity of fluid phase. The behavior of soil was described by the constitutive model for unsaturated soil proposed by Zhang et al. 18) . The constitutive model introduced the degree of saturation as state variable into the sub loading cam-clay model and assumed that normally consolidated line in unsaturated state (N.C.L.S.) was parallel to the normally consolidated line in saturated state (N.C.L.) but in a higher position than N.C.L., as shown in Fig. 3 , which means that under the same mean stress, unsaturated soil can keep higher void ratio than those of saturated soil. In Fig. 3 , pr is the reference mean skeleton stress (usually 98 kPa), pN1e is the preconsolidation pressure and pN1 is the unloaded pressure.
Based on above assumptions, the void ratio under unsaturated state could be written as:
Therefore, the plastic fraction of void ratio change was described as following equation: (18) Then, the yield function was defined as following equations: 
here, f is the yield function, p is mean stress, M is the stress ratio on critical stress line, η is the stress ratio, ρs is the state variable of degree of saturation, ρe is the state variable of over consolidation, εv p is the plastic volumetric strain and Cp is the coefficient related to the compression index λ, swelling index κ and initial void ratio e0. The evolution equations were shown below. 
For the unsaturated soil in the proposed SPH model, its saturation S was simulated by the kernel approximation of saturation of water particles (S w = I_486 The frictional force 19) was used to simulate the interaction force in the proposed SPH model considering fluid density ρf, gravitational acceleration g, the porosity n, permeability k and the velocity difference between different layers. For the SPH program, verlet-list method was adopted as the searching method of supporting particles. This method places cells or grids on the problem domain and then puts the particles into cells. When searching supporting particles, only particles in neighboring cells are selected as candidates, thus it is efficient for cases with a large number of particles. The smoothing function called B-spline function, which provides a smooth curve and high efficiency, is often used as the kernel function. This research employed the third-order B-spline function (Fig. 4) as the kernel function. Here, s=|x-xj|/h. For 2 dimensions, αd is 15/(7h 2 ) and for 3 dimensions, αd is 3/(2h 3 ). To realize a better physical meaning of the boundary, this research adopted the boundary treatment method that was proposed and improved by Takeda et al. 20) and Morris et al. 21) . It assumed that the boundary particle has a virtual velocity vB and the effect of vB on moving particle a was determined according to the distance of boundary particle to border line and the distance of moving particle to border line. The water-air coupled case (Fig. 5 ) was built to simulate the rise and burst of air bubble from water. The boundary was fixed while water particles and air particles were placed in the lower part of the model but the upper part was set to vacuum but had a pressure of 100kPa (1 atm). The water area was only filled with water particles while the air area was only filled with air particles. Both the water particles and air particles moved freely and were resisted by the boundary. For the SPH simulation, the initial density of air ρ0 was set to 1.207 kg/m 3 and viscosity μ was set to 1.810×10 -5 Pa•s. For the balance of pressure between air and water, the dynamic pressure of air bubble at first must be equal to the water pressure induced by self-weight and the density of air should be set to the value calculated from the equation of I_487 state. Fig. 6 shows the process of air rise and burst in water from SPH simulation. It could be seen that air bubble rises with the passage of time for the effect of buoyancy. The outline of air bubble changes as it rises and the surface of water also lifts above bubble. As it rises, the bubble breaks into a nearly straight row of rising bubble. The validation of the motion of air phase is very complex issue in computational fluid dynamics and geomechanics, and preliminary results were obtained from the SPH simulation, based on which the behavior of air phase was checked. The motion of air bubble in water is mainly dominated by the buoyancy and air pressure, for which the bubble will raise and burst from the water. Here, the simulated air rise and burst from water corresponded with the induced phenomenon of the buoyancy and air pressure.
SPH SIMULATION OF AIR BUBBLE RISE AND BURST FROM WATER
(1) (2) (3) (4) Fig. 6 SPH simulated rise and burst of air bubble from water.
SPH SIMULATIONS OF CONCEPTUAL SLOPE MODEL
In order to check the performance of the coupling SPH model for the simulation of interaction force between water and soil, a conceptual slope model (Fig. 7) had been set up and simulated by the proposed SPH model. The boundary particles and soil particles were fixed in the entire simulation process while the rain particles could move under the gravity and interaction force. Meanwhile, the air phase was not considered in this simulation. The yellow line in Fig. 7 shows the border line of base layer and the slope. Three cases with different permeabilities were simulated in this part and parameters used are shown in Table 1 . In this simulation, the slope was fixed and rain could infiltrate into the slope. The conceptual slope model was only the simplified model without effect of air phase and it seemed too fast for the rainfall to infiltrate in the slope, which did not correspond to any real slope. Even so, this still reflected the infiltration difference for different permeability. From the Eq. 26-27, it can be found that the larger permeability causes smaller interaction force between water and soil so that the rain can easily flow into the slope. The simulation showed the same phenomenon as the corollary of the principle of frictional force, so the proposed SPH I_488 method can simulate the interaction force for the slope and levee. 
THE SPH SIMULATIONS OF THE MODEL TEST (1) The model test
The model test system can be divided into four parts: the model box, the rainfall device, the measuring device and the image acquisition device. The model box was made of the transparent Plexiglas, which made it possible to observe the infiltration process in the test. The artificial rainfall was created by the rainfall device. With intensity control on shower nozzles, different rainfall intensities can be produced in the model test. On one side of the model box, there were holes for the installation of sensors. The pore pressure meters and moisture meters were used for the measurement of pore water pressure and volume water content. The distribution of sensors is shown in Fig. 9 . Cameras were also placed around the model box to take photos and videos.
There were two different base layers in the model test, left side with undrained base layer and right side with drained base layer. The drained base layer can let the air and water go through, but the undrained base layer cannot. Basic sand layer, fully saturated, was setup and the slope model was placed on the saturated sand layer (Fig. 9) . The rainfall intensity in the model test was set to four different intensities: 30 mm/hr., 60 mm/hr., 90 mm/hr. and 120 mm/hr. From the infiltration process observed in the model test as shown in Fig. 10 and Fig. 11 , it could be seen that the infiltration state of slope model is greatly influenced by the rainfall intensity. Under low intensity (30 mm/hr., 60 mm/hr.
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and 90 mm/hr.), there are still unsaturated zones and trapped air at 120 min while the slope is fully infiltrated for high intensity (120 mm/hr.). As the rainfall went on, water was accumulated on the surface of the slope and air was trapped in the slope model. For the action of increasing air pressure, the air blow would occur in the weak point of slope surface, where the air blow reduced the saturation of soil at first. After that for the release of air pressure the soil in the surface could encounter the sharp increasing of saturation as well as inside the slope. This phenomenon, called submergence, would cause extra positive dilatancy and collapse to the soil 18) . The behavior of air phase in the infiltration process can be described as followings (Fig. 12) : the I_490 formation of saturated surface (a), air trapped by the infiltration (b), the formation of air block (c), and at last, the shrink and lifting of air block (d). The shrink of the air blocks increases the air pressure inside the slope and induces the air blow on the slope surface.
Under low intensity, the infiltration is slow and the failure occurs in the late period of test. For high intensity, the infiltration is fast and the failure occurs in the early period of test. The erosion under low intensity is not notable as the high intensity. In addition, the erosion and failure is mainly in the central part of slope surface.
Time histories on undrained base layer fluctuate with time and the maximum of volume water content is larger than drained base layer as shown in Fig. 13 , which proved that undrained base layer is a negative factor for the stability of slope. 
(2) SPH simulation of the model test without air effect
The discrete model (Fig. 14) was built according to the model test. Same as the model test, two base layers were considered: the left side was undrained base layer while the right side was drained base layer. The parameters obtained from the experiment and parameters of constitutive model from other research 18) are shown in Table 2 . The permeability k was a key factor of the frictional force and related to the degree of saturation as shown in equation (30). For the unsaturated soil, the air coefficient of permeability is larger than the water coefficient of permeability so the interaction force between soil and air is smaller than that between soil and water. Meanwhile for the reason of simplification, the interaction force between soil and air was not considered in this simulation. At the first stage of SPH simulation, the initial stress was generated by the elastic model. And for the simplification of simulation, the state variable ρe was zero at the initial stage (not considering the overconsolidation). After that, rainfall started and when the soil became unsaturated, its behavior was described by the unsaturated model. Fig. 15 is the infiltration process simulated by the proposed SPH model. Here, for high intensity it takes shorter time for full saturation (the saturation reaches the saturated saturation S S r.). Similar phenomenon was also found from the time histories of volume water content shown in Fig. 16 , from which the volume water content had a sharp increasing and then achieved a stable volume water content same as the model test. Fig. 17 is the maximum shear strain obtained from SPH simulations and larger value means larger deformation of soil. The maximum value I_491 mainly appeared around the center surface of slope. For low intensity, the shear strain zone did not form slip surface. But for high intensity, the slip surface was formed in the simulation. So rainfall of high intensity has great influence on the stability of slope and dike. Meanwhile, for both the undrained base layer and drained base layer, the pore water pressure was mainly concentrated at the slope toe from Fig. 18 , thus the swelling of soil at the slope toe was observed in the SPH simulation. However, the distributions of pore water pressure were almost the same for both two base layers in this case although the distributions seemed to be different in somewhat. In the future study, we would have to investigate the influences of boundary condition, soil permeability, rainfall intensity and slope geometry on the overall infiltration process. The time of reaching stable volume water content for sensor C5 is shown in Table 3 , from which the SPH results corresponded well with the model test. 
(3) SPH simulation of the model test with air effect
In this part, air phase was taken into account in the SPH simulation to reveal the air behaviors in the process of slope and levee failure under heavy rainfall. In this case, the slope model was filled with air particles, which had the same location with soil particles. In other word, air particle was added to the previous discrete model in the same location as the soil particle one by one. The air phase had an initial pressure of 100 kPa and its initial density was set to 1.207 kg/m 3 . The area besides the particles (water,
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soil and air) was set to vacuum but had a pressure of 100kPa. Other parameters are the same as the parameters in Table 2 . The infiltration from the SPH simulation with air effect is presented in Fig. 19 for the case of 30mm/hr. (red particles are unsaturated particles). The SPH simulated air bubbles and air blow from simulation and model test are both showed in Fig. 20 for the case of 30mm/hr. From the result, the air bubble rises with time and its outline can be observed from the SPH simulation. The air particles mainly concentrated near the surface of slope, from where air bubbles blow. Fig. 21 shows the time histories of volume water content between two-phase and three-phase SPH simulations for sensors G5. From the result, it can be found that the air phase decelerated the infiltration of rainfall in the slope and took longer time to achieve full saturation than the case without air effect.
CONCLUSIONS
The new three-phase SPH model has been proposed based on the basic principles of SPH method with the coupling of water, soil and air. Water-air coupled case was built to check the simulated motion of fluid phase (water and air). After that, to check the application of the coupling SPH model in interaction force, a conceptual slope model had been set up and simulated by the proposed SPH model. From the model test of slope failure, different rainfall intensities caused different saturation time and the undrained base layer was a negative factor for the stability of slope. After that, the model test was simulated by the proposed SPH model with two cases, one without the effect of air phase and another one with. The infiltration process, slope deformation and air behavior were revealed from the three-phase SPH simulations and compared to the model test. Based the preliminary results, the proposed SPH model can provide an analysis tool for the slope and levee fail-
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ure under heavy rainfall in the future.
